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ABSTRACT
Five triarylmethane leucocyanides were synthesized from their parent
dyes, and a photochromic test apparatus was designed and fabricated.
The leucocyanides were tested for sensitivity and fade time in six
solvents. The data was found to correlate well with Hammett substituent
constants and with Brownstein solvent coefficients with certain exceptions
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I. INTRODUCTION
Photochromism is a reversible color change in organic or
inorganic materials on exposure to some appropriate wavelength of
electromagnetic radiation. Colorless compounds that generate color
instantaneously on exposure have been the most investigated.
Imaging systems based on organic photochromi compounds offer
possibilities of high information capacity (with resolution approaching the
wavelength of the exposing radiation) and the ability to add or erase
images. The major disadvantages are lack of sensitivity and fatigue
after repeated exposures. Fatigue is manifested by reduced sensitivity,
and slower and incomplete fade
reactions.1
Protection against temporary flash blindness caused by extremely
intense pulses of damaging radiation that may appear unexpectedly, such
as the detonation of thermonuclear devices in the atmosphere, has been
an important military application of photochromic materials. Research





Two classes of compounds have received principal investigation --
spiropyrans and various derivatives of triarylmethane dyes, particularly
the leucocyanides. The spiropyrans were adapted for use by the military
because of their higher sensitivity and resistance to fatigue as compared
to the triarylmethanes tested.
It is known, however, that the triarylmethane leucocyanides have
quantum efficiencies as high as 1.0, depending on the solvent, and
that their optical extinction coefficients are approximately twice those
of the spiropyrans. Yet experiments consistently showed that
spiropyrans gave higher optical densities under identical exposure
conditions. One may conclude that the triarylmethane leucocyanides
have been tested in poor solvents with competing absorbances, the
most sensitive and fatigue resistant leucocyanides have not been tested,
or there are some unidentified factors such as failure of Beer's Law.
A more systematic study is needed to establish which triarylmethane
leucocyanides, if any, have the necessary properties to be useful in
photochromic systems such as these flash protection devices. If it
were established that photochromic properties such as activation sensi
tivity, fade time, resistance to fatigue, and absorption characteristics,
can be treated as reaction constants in the manner described by Hammett -3
14
and Brownstein , then it would be invaluable to the research efforts in
this field.
Mechanisms
Insufficient data are available to permit a confident description
of the detailed photochemical mechanism for triarylmethane leucocyanides.
The straightforward mechanism proposed by Lifschitz is
generally-
regarded as inadequate to explain all experimental observations because














Holmes proposed a detailed reaction scheme,in which the photo
products depend on the wavelength of the radiation and the dielectric
constant of the solvent. The model also includes two different photo-
































Brown et al. , concluded a rather different mechanism based on













Experimental evidence indicated a long-lived, colorless interme
diate, the exact nature of which was undetermined. Reaction (1) would
predominate in non-polar solvents and (2) in polar solvents.
Obviously, a great deal more quantitative work is needed to
determine the nature of the intermediates and the validity of the proposed
mechanisms .
Definitions
Activation sensitivity is defined as the inverse of the energy
required to produce a given optical density in the photochromic
However, most work has been done with fixed energy exposure devices
so that it is common practice to report relative sensitivity as the optical
density or absorbance at A max achieved under fixed exposure conditions.
Thermal fade rate describes the fade reaction which begins immediately
upon exposure. It is conveniently measured as the time required for the
XI 9
max to reach one half of its initial level.
The phenomenon of fatigue is not well understood in the triaryl
methane leucocyanides, but the fatigue is easily measured as decreased
20
activation sensitivity or increased fade time.
The absorption spectrum of the colored form is important in that it
determines the efficiency of the photochromic system for the detector
21
which is to be used. This colored species may be effectively frozen,
that is, prevented from fading, by adding acid to th photochromic
22




Hammett has described a method for relating reaction constants
with the molecular structure of the reactants. Linear relationships
have been found to apply to the rate and equilibrium constants of most
side-chain reactions of benzene derivatives. The Hammett equation is
given by:
log k - log kQ
= <Jp (1)
where k is the reaction rate or equilibrium constant of the unsubsti
tuted reactant, C is determined by the nature of the substituent,
the reaction constant, O , depends on the reaction series, and kn
is the reaction rate or equilibrium constant for the unsubstituted reactant,
Values of
G~
and Q have been tabulated for many reactions and
, ... . 24,25,26
substituents.
In the case of multiple substitution the Hammett equation can be
expressed in the following form:
27





where n is the number of identical substituents.
A further modification is necessary to describe the reactions of
28
compounds involving two substituted benzene rings: .
log k - log kQ
= p(a. + <J% ) (3)
To deal with multiple substituents on multiple benzene rings, the
equation takes the general form:
logk - logk0
= p(n,Cr.+ nto;+
. . , ) (4)
When k0 and p are constant, as in a given series where only the
reactanfs sutstituents are changed,
logk (n,CT,+ n2c^+ . . . )
Or more simply,
log k * %
q-
(5)
The application of the Hammett equation to photochromic systems
29
was demonstrated by Berman, et al. A linear correlation was found
for the log of the thermal fade rate as a function of Hammett values for
a series of thirteen substituted 1,3,3, -
trimethylindolinobenzopyrylo-
spirans. In this work, p was a constant and therefore neglected, as
were the
O"
values for any substituents common to the entire series.
The reactivity for each compound was given by Zd . (Equation 5)
The correlation coefficient was -0.84.
Since the basic mechanism for photochromism in both the spiro
pyrans and the triarylmethane leucocyanides is the same, heterolytic
30
cleavage, it seems probable that a similar correlation exists for
triarylmethane leucocyanides.
Solvent Effects
Triarylmethane leucocyanides, like spiropyrans, are photochromic
31
only when in solution. The choice of solvent or solvents is known
to have dramatic effects on the photochromic properties of any given
leucocyanide.
3?
Brownstein has proposed an equation to predict solvent effects
upon a wide variety of equilibria, reaction rates, and spectral absorp




where k is the property in question, S is a constant related to the
polarity of the solvent, and R is a measure of the sensitivity of the
system to changes in solvent polarity. Ethanol was chosen as the
standard solvent against which all others are compared. Values of S
and R have been tabulated for a large number of solvents and
reactions.33
Within a given reaction series, log kethanoi and R are constants,




The application of the Brownstein equation to phptochromic reactions
has not been reported. Demonstration of a correlation between Brownstein
numbers and one or all of the important photochromic properties of the
triarylmethane leucocyanides would eliminate much of the empericism
in future photochromic materials and systems design.
Preparation of Leucocyanides
Past researchers have been plagued by long and tedious procedures
for preparing the leucocyanides from triarylmethane dyes. The primary
contaminant is the unreacted dye itself, which occludes tenaciously
to the leucocyanide making purification difficult or impossible.
An improved method for preparing triarylmethane leucocyanides was
34
described by Tobin et al. Dimethylsulfoxide (DMSO), instead of
water, was used as the reaction medium. In water, dyes react slowly
with sodium cyanide to form the leucocyanide which is insoluble,
resulting in
co-
precipitation of the leucocyanide and the unreacted dye.
When performed in DMSO, both the dye and the leucocyanide remain
soluble. The leucocyanide can be precipitated after all the dye has
reacted, thereby eliminating the major contaminant. Tobin reported
successfully testing this procedure with fourteen triarylmethane dyes.
By using this procedure, the researcher can produce leucocyanides
of greatly improved purity with minimum effort.
10
II. EXPERIMENTAL
A. Selection of Leucocyanides
Figure 1 shows the five triarylmethane leucocyanides that were
prepared for this work. They were selected because their parent dyes,
used in the synthesis of the leucocyanides, were easily obtained from
domestic dye manufacturers. Hammett substituent constants had been
*
published in the literature for each of their substituents except for the
ortho-substituted chlorine present in Brilliant Blue. The Hammett
equation makes use of the free-energy relations of substituents and
hence applies only to para and meta substitutions. The effect of ortho
35
substitutions on reactivity is primarily due to steric effects. For this
reason, Brilliant Blue leucocyanide was tested for use only in correlations
with solvent constants and not with substituent constants.
Tables 1 and 2 in Appendix A give the supplier of each dye and the
literature value of the Hammett substituent constant for each substi-
tuent present.
A discrepancy in the Hammett substituent constant for para
-
07 op on 40 a-i
N(CH3)2 was noted in the literature.
'' 00,03'4U Hammett*
was in
conflict with all others. The most quoted value ( (J =-0.83) was




























Figure 1. Names, structures, and Hammett substituent
constants of triarylmethane leucocyanides
tested.
12
B. Selection of Solvents
The selection criteria for the test solvents were similar to those
for the triarylmethane dyes. Each solvent was readily available in high
42
purity and the Brownstein solvent coefficients were known. Table 1
lists the solvents used. Table 3 in Appendix A gives the specifications
for each of the solvents.
C. Synthesis of Leucocyanides
The Tobin procedure was used to convert each of the five dyes to
its respective leucocyanide. No deviations were made from
Tobin'
s
procedure except for batch size.
(Specific experimental details will be discussed under Results
and Discussion.)
D. Design Requirements of a Photochromic Test Apparatus
The test apparatus must fulfill the following requirements:
1) Contain a small quantity of the photochromic test solution
in a thin sealed cell which is transparent to both visible and ultra
violet radiation. This allows the activating exposure (UV) and
visible absorbance measurements to be made sequentially or
simultaneously upon the photochromic solution. A thin cell is
necessary because the solutions tend to attenuate the UV strongly,
causing stratification of the colored species after exposure. Cell
43
thicknesses of less than 1 mm have typically been used.
13








2) Provide a short duration burst of near UV radiation to activate
the leucocyanides. The exposure should be applied as uniformly
as possible, since the quantity of leucocyanide formed is propor
tional to exposure. Uneven color formation in the cell would lead
to instrumentation errors. 200 to 400 joule xenon flash tubes have
typically been used since they provide very short duration pulses
with the appropriate spectral energy
distribution.44
Continuous
arcs may be used if kinetic studies are not required.
3) Make absorbance or optical density measurements in the
visible region upon the photochromic solutions before and after the
activating exposure in real time.
4) Provide a recorded output of absorbance (or optical density)
vs. time. Ideally- the recording should begin before the activating
exposure occurs and continue at least until the absorbance falls to
half its initial maximum value. The required resolution of the
recording for both absorbance and time are dependent upon the
characteristics of the reaction being followed.
5) Provide constant temperature for the photochromic solution
to within 0.5C, since the fade rate is temperature dependent.
E. Construction of the Test Apparatus
The above requirements were met in the following manner:
1) The container used was a UV spectrophotometer cell of the
type known as a micro cell. The inside dimensions of the cell
15
were 10 mm x 2 mm. See figure 2.
This design allowed the activating exposure to be made
through the broad sides of the cell while simultaneously allowing
absorbance measurements to be made on the other axis. The
relatively long path length on this axis mandated low leucocyanide
concentrations which were later found advantageous for other
reasons. The 2 mm cross-section was a compromise, based on
commercially available cells. Color stratification due to UV
absorbance by solvents was not a problem.
2) The activating exposure was provided by a pair of Honeywell
Model 202 Strobanar flash units, producing approximately 40
joules each. These units were mounted as close as possible on
either side of the cell, after removing the plastic lenses and
modeling bulbs. The two units were made to fire simultaneously
by tripping one unit manually and utilizing the slave photocell in
one unit. The small physical size of the units enabled them to be
placed with flash tubes only 2.5 inches from the cell walls.
The literature reports exposure devices using 200 to 800
joules, and it should be noted that a single exposure in this 80
joule apparatus did not produce the maximum absorbance available
from the photochromic test solutions. (Nor is it clear that the
higher energy devices do so.)
16
Figure 2. View of the Markson LJ-17-Q-10 micro cell
17
Rather, sequential exposure to slowly fading solutions
produced increasingly greater optical absorbance. See figure 3.
This same behavior was noted with all leucocyanide-solvent
combinations. This means that absorbance data from this apparatus
is not a measure of the maximum obtainable from the solution, but
rather a measure of sensitivity under constant exposure conditions.
The fade time, when measured to the one half absorbance level,
remained constant, regardless of the number of exposures given
before complete fading was allowed. An 80 joule exposure was thus
deemed sufficient for the arguments of this thesis.
3) Absorbance measurements were made on solutions within
the microcell by placing the cell in the optical path of a spectro
photometer which was built-up from components. See figures 4,
5, and 6. No spectrophotometer was available that allowed sufficient
space around the sample cell to mount the flash units.
The monochromatic light source for the spectrophotometer
was obtained from a Bausch & Lomb Spectronic 20 spectrophotometer.
The cover of the Spectronic 20 was removed, and a small mirror
was placed in its optical path to divert the exit beam from the mono
chrometer onto the sample microcell.
This modification effectively bypassed the
monochrometer'
s
exit slit, so a new one was provided immediately in front of the














Figure 3. Absorbance ofa non-fading solution ofMalachite


















Figure 4. Schematic diagram of the photochromic
test apparatus .
20
Figure 5. Photograph of the photochromic test apparatus with
sample cell and flash units in place.
21
Figure 6. Photograph of the photochromic test apparatus showing
detail of sample cell mount with flash units removed.
22
blade edges .
A second identical aperture was placed behind the cell to
reduce stray light.
The cell was mounted on a wooden pedestal in optical align
ment with the exit slit. Provisions were made to easily remove
the cell for cleaning.
All surfaces were painted flat black to reduce reflections
and thus preserve the linearity of the instrument.
Absorbance was measured with a modified MacBeth RD-100
Reflection Densitometer. The input optics were completely removed
from the reading head so that light could fall directly onto the
photomultiplier tube. The head was then mounted directly behind
the second slit.
The entire apparatus (Spectronic 20, microcell, flash units,
and photomultiplier) was mounted on a rigid plywood base.
It was necessary to recalibrate the monochrometer because
the original exit slit was removed. This was accomplished by
placing a dichroic filter between the slits. The monochrometer was
set to the same wavelength as the filter's maximum transmittance
and the mirror on the Spectronic 20 was rotated to give minimum
absorbance as measured at the MacBeth's output.
Since the illumination was monochromatic, the output of the
MacBeth was converted from units of optical density into absorbance
23
4) Recordings of the experiments were made by supplying the
output voltage of the MacBeth densitometer to a strip chart recorder
or an X-Y plotter. It was found desirable to disconnect the MacBeth
meter movement from the circuit because it degraded the dynamic
response of the amplifier, introducing a significant amount of over
shoot and ringing. A switch was installed to disconnect the meter
when desired.
Two recorders were used a Varian Model GilA strip chart
recorder and an HP 701 5A X-Y plotter, with the X-axis driven at
constant speed. The X-Y plotter was employed because of reliabi
lity problems with the strip chart recorder.
5) The experiments were run at ambient temperature, which
remained at
71
1F for the duration of the experiments. A small
fan was used to prevent heat build-up around the sample cell by
circulating room air over the apparatus.
If ambient conditions had been less stable, it would have
been necessary to fabricate a temperature control system for the
sample cell.
F. Operation of the Test Apparatus
1) Start-up and calibration.
a. Turn on all equipment and allow a 30 minute warm-up
period.
b. Select the desired wavelength on the monochrometer.
24
(This must be known in advance.)
c. Insert the sample cell containing the blank.
d. Set the controls on the MacBeth densitometer as
follows: Zero adjust - fully counter-clockwise (next to off
position).
Calibration adjust - fully clockwise.
Neither of these controls are altered hereafter.
e. Activate the servo on the recording device and set its
baseline by using its own zero adjustment. Coarse adjustments
can be made with the trim filters located on the photomultiplier
head assembly.
f. Place a neutral density filter representing the full-scale
measurement in the optical path directly behind the sample cell.
Now use the gain control on the recorder to adjust the pen
deflection to full scale on the chart paper.
Note: The zero must be corrected for every change in wave
length or in solvent, but the calibration does not require
adjustment.
Full-scale calibration was made as high as 2.0 absor
bance during the course of experiments.
The linearity of the spectrophotometer system was checked
by inserting neutral density filters of intermediate densities
into the optical path. Values were found to be within 0.02
25
when calibrated to 2.0, or 1% of full scale.
Dim room light was found to have no effect upon the
readings.
G. Testing of Leucocyanides
1) Preliminary Experiments .
Preliminary experiments were aimed at establishing experi
mental parameters to conduct the main body of work. It was
necessary to (a) establish a workable concentration level for the
leucocyanides which would give absorbances at A max of less
than 2.0 in all solvents, (b) a concentration of additional sodium
cyanide which would give satisfactorily short fade times, and (c)
sample the variability of the experimental results.
2) Determination of Spectra.
The test apparatus required that the dominant wavelength
( X max) be determined in advance. Spectra of each leucocyanide
(in colored form) were generated.
Spectra of the parent dyes were also run.
3) Fatigue Study.
A fatigue study was made on Malachite Green leucocyanide
in ethylene glycol.
4) Main Experiments.
The main body of experiments consisted of testing each
leucocyanide in each solvent.
26
III. RESULTS AND DISCUSSIONS
The Tobin procedure was found to produce leucocyanides of varying
purity, as judged by the slight degree of coloration of the products and
by their melting point ranges. See table 2.
Additionally, the reaction times and yields also varied from batch
to batch and dye to dye. It was noted, however, that the purity of
any one leucocyanide remained constant despite changes in dye lot,
batch size, and reaction time. For example, the Malachite Green
leucocyanide prepared for this work was visually similar in color to that
prepared by
Berg,45
who used Fisher Scientific Malachite Green dye.
New Fuchsine leucocyanide was the only pure white leucocyanide
produced. The others retained a slight tint of the parent dye color. In
each case, the unwashed reaction product was pure white following an
appropriate number of charcoal treatments, but the final wash with hot
distilled water returned some of the dye color.
Tobin suggested a method of further purification if the products
remained colored: The leucocyanide was dissolved in benzene and
given multiple charcoal treatments. However, recrystallization from
benzene was difficult and the yield was diminutive.
It was decided to proceed with the purity of leucocyanides already



























































































































































































































































































































































of dye occluded to the leucocyanide had no effect on photochromic
properties.
The spectra of the leucocyanides were run in each solvent because
dominantwavelengths ( Amax) were shifted by the solvents. (See
table 3.) Saturated solutions were used for these trials since only
A max's were being sought. A Bausch & Lomb Spectronic 5 05 and a
Beckman DK-7A were used.
In the absence of excess cyanide, the leucocyanides remained
colored for many hours after exposure, eliminating the need to add an
acid.
It was noted that the parent dyes had identical visible spectra to
the colored form of their respective leucocyanides. The wavelength
maxima reported in table 3 include the maxima for parent dyes in cases
where the leucocyanides were not photochromic in specific solvents.
The poor solubility of the leucocyanides in polar solvents was
noted at this time, typically less than 1 mg per liter in the test solvents,
However, the solutions which resulted were photochromic.
This concentration was deemed unsatisfactory for this work because
of inaccuracies in weighing submilligram quantities of leucocyanides
and excessive consumption of solvents. Additionally, practical uses
of the leucocyanides would require higher concentrations to produce
useful optical densities in thin cells.
29







































Malachite 625nm 621nm 621nm 619nm .621nm622n
Green
Brilliant 632nm 625nm 625nm 615nm 625nm 625nm
Blue
Fuchsine 554nm 55 0nm 551nm 540nm 546nm 550nm
New 550nm 550nm 550nm 545nm 545nm 545nm
Fuchsine
Crystal 5 95nm 589nm 590nm 589nm 590nm 585nm
Violet
Note: "Wavelengths are considered accurate to 2nm.
30
Because it was necessary to run the experiments at known leuco
cyanide concentrations, a method for increasing their solubility was
sought. It was found that the addition of 1% dimethylsulfoxide improved
the leucocyanide solubility to greater than 30 mg/liter. Experiments were
run at various concentrations of dimethylsulfoxide to ascertain that it
had no effects on photochromism. Tables 4 and 5 show the effect of
varying dimethylsulfoxide levels on X max and fade time. No zero
point was available in Table 5, since it was impossible to achieve the
desired leucocyanide concentration in the absence of DMSO.
There was no measureable shift in A max up to 4.8% DMSO
(Table 4), and a T-test on the difference of the fade rates at 1% and
3% DMSO shows no evidence for a difference at a 99% confidence level.
Sodium cyanide was also included in the test solutions in order to
accelerate the fade reactions. Without it, the fade times of typical
solutions were on the order of days.
Table 6 shows the effect of sodium cyanide concentration on
absorbance at A. max and fade time of a typical photochromic reaction.
Figure 7 graphically illustrates the effect on the fade time. The figure
suggests that the fade time reaches some asymptotic value where
increasing cyanide concentration has immeasurably small effect. Table 6
shows no clear trend for a change in absorbance.
Figure 8 shows a typical functioning of the test apparatus. The
upper curve illustrates a problem which developed when the Hewlett-Packard
31
Table 4. The effect of dimethylsulfoxide concentration on the
dominant wavelength of Malachite Green leucocyanide
dissolved to saturation in ethylene glycol.







Table 5. The effect of dimethylsulfoxide on the fade rate of
4.23xl9~8 moles/liter of Malachite Green leuco
cyanide in ethylene glycol with 1 moles/
liter of sodium cyanide.








Table 6. Effect of sodium cyanide concentration on 1.7x10








.3125 .0035 152.5 3.5
1.96xl0-3
.3150 .0141 60.0 7.1
4.14xl0-3





























Figure 7. Effect of sodium cyanide concentration on the fade
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X-Y plotter was put into service. A small AC voltage was present at
the recorder input which caused the pen to make short high frequency
excursions. (This is seen as a thick line in the figure.) The lower
trace shows how a small parallel capacitance removed the AC component
at the expense of the amplifier's slew rate.
Referring to the letters marking the upper trace: Point A is the
time at which the flash units were triggered, the subsequent negative
pulse (B) is the photomultiplier's response to the flash. The photo
multiplier then recovers and quickly begins to track the actual absorbance
of the solution at time C. (It should be noted that it is necessary to
extrapolate the curve back to time A in order to determine the maximum
absorbance of the solution.) Finally, the fade time is measured between
time A and time D, where the solution reaches one half of its maximum
absorbance.
It can be seen that the external damping (lower trace) has no effect
on the derived measurements, provided the extrapolation back to time A
is done carefully.
Second order regression analysis gave extremely good fits for
experimental data (R = 0.998) so that mathematical extrapolation was
possible where necessary.
A fatigue study was run on one leucocyanide-solvent combination.
One such study was mandated to determine that fatigue effects would
not inadvertently be included in other experiments. Figures 9 and 10
36
show how absorbance and fade time of Malachite Green leucocyanide in
ethylene glycol are effected by 100 cycles. The solution was allowed
to fade completely before each exposure. (An intervalometer made
three exposures per hour.) The log transformation of the X-axis in
figure 9 reveals a good linear fit with absorbance after the first five
cycles .
The literature shows conflicting fatigue kinetics. For example,
Allinkov4?
showed a linear change in optical density with number of
exposures for Malachite Green bisulfite, but attempts to duplicate the
experiment at A. D. Little 48 gave results similar to those shown in
figure 9 (logarithmic fatigue). However, A. D. Little obtained linear
fatigue when they tested a leucocyanide (hexahydroxyethyl
pararo-
saniline leucocyanide).
Figure 10 shows how fade time increased with fatigue. The X-axis
is logarithmic as in figure 9. The linear regression line has an
J1
=
.79 . The scatter is due primarily due to speed fluctuations in
the strip chart recorder drive.
The main body of experiments consisted of tests of each of the
five leucocyanides in each of the six test solvents. The test solutions
were composed of the test solvent with 1% dimethylsulfoxide by volume,
lxl 0~4 molar leucocyanide, and 5x1
0-3
molar sodium cyanide.
Each test solution was exposed only once and then discarded to























Log no. of cycles
Figure 9. Result of fatigue on absorbance at A. max of
2 x 10~5 M_ Malachite Green leucocyanide in



















Log Number of Cycles
i-5
Figure 10. Result of fatigue on fade time of 2 x
10~J
M
Malachite Green leucocyanide in ethylene glycol
with 2 x
IO"-1
M sodium cyanide added.
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were replicated at least once.
Absorbance at A max and fade time were determined from the strip
chart recordings of the experiments. This data is shown in Tables A4
and A5 in Appendix A. Figures 11 through 14 show the results graphically.
In each figure, the data points have been averaged, and linear regression
lines fitted. Equations of the regression lines and their correlation
coefficients are shown in Tables 6 and 7 in Appendix A. The regressions
and curve plotting were made on a Hewlett-Packard 9800A mini-computer
system.
Before discussing the results in detail, it is pertinent to note that
none of the leucocyanides were photochromic in acetone, and only
Crystal Violet and Brilliant Blue leucocyanides were photochromic in
chloroform. The resulting zeroes were omitted from the figures and will
be discussed only when the particular experimental results were
exceptional.
Figure 11 shows the effects of solvent changes on absorbance of the
five leucocyanides. Four leucocyanides showed positive correlations
with Brownstein coeffecients, but Crystal Violet had a strongly negative
correlation.
In figure 12, all leucocyanides show positive correlations between
fade time and solvent coefficients, with slopes ranging from 6.1 to 15.0.
In figures 11 and 12, the data points for chloroform (S =-0.200) were


































Figure 11. Absorbance at A max of leucocyanides vs. the
Brownstein solvent constants, S.
Key: Black, Malachite Green; black (dashed),
Brilliant Blue, red, Fuchsine; blue, New






























Figure 12. Fade time of leucocyanides vs. the Brownstein
solvent constants , S.



































Figure 13. Absorbance at A. max of leucocyanides vs. the sum
of the Hammett substituent constants, 2,0".
Key: Black, ethylene glycol; red, ethanol; blue,
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Figure 14. Fade time of leucocyanides vs. the sum of the
Hammett substituent constants, 2cr.
Key: See figure 13.
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photochromic in chloroform, and these two data points fell far from
their respective regression lines.
Figures 13 and 14 show the regression lines for absorbance and
fade time plotted against Hammett substituent constants, 21
O"




-2.49) were not included in the regression lines. The reason
for the exclusion in figure 13 follows from the behavior of Crystal Violet
*
in figure 11. Since Crystal Violet leucocyanide had a negative corre
lation with solvent coefficients, it would not be expected to fall on
the individual solvent lines in figure 13.
The exceptional response of Crystal Violet leucocyanide to changes
in solvent polarity (Brownstein coefficient) was quite unexpected. A
trend to lower absorbance in more polar solvents conflicts with the
general mechanism for photochromism which depends strongly on
solvolysis of the leucocyanide.
The peculiar behavior of the leucocyanides in chloroform is more
easily, but not completely, explained.
In general terms, alkyl halides react with sodium cyanide at room
temperature to form nitriles, particularly in a solvent that will dissolve
both alkyl halide and sodium
cyanide.*" These conditions were inadver
tently met in the experiment. Chloroform is an alkyl halide (CHC1),
sodium cyanide was deliberately added to the solution at 5x1
0~3
moles
per liter, and dimethylsulfoxide is an excellent solvent for chloroform
45
and sodium cyanide. The neucleophilic substitution reaction probably





Since chloroform was present in great excess, the cyanide ion
would be effectively removed from solution. This would account for
the unusually long fade times for the two leucocyanides that were photo-
chromic in chloroform.
If one postulates that some extension of this reaction greatly
depresses the sensitivity of the Leucocyanides, then extrapolation of
the regression lines in figure 1 1 to S = -2.00 (chloroform) shows that
Crystal Violet has the greatest value at A = .42 and would therefore be
the most likely of the five to be photochromic. Crystal Violet is followed
by Brilliant Blue and New Fuchsine at -0.03. An absorbance of 0.01 was
observed for Brilliant Blue.
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IV. CONCLUSIONS
With the exception of Crystal Violet leucocyanide, the correlations
occurred in rational manners. Hammett arranged his coefficient system
so that larger coefficients indicated higher electronegativity. Higher
Brownstein coefficients indicate higher solvent polarity- Absorbance was
shown to have positive correlation coefficients with both of these
factors.
The positive correlation of fade times with Brownstein solvent
coefficients is probably because the colored ions are more favored in
polar solvents, causing slower reversion to the leucocyanide. Experi
mentally, the presence of excess cyanide was shown to greatly accelerate
this reaction.
The negative correlation of fade times with Hammett substituent
constants indicates that the more sensitive leucocyanides not only color
more easily, but also fade more rapidly. The existence of these correla
tions, as hypothesized at the beginning of this work, should make it
possible to find more sensitive leucocyanide systems.
The literature describes a number of triarlyme thane dyes with greater
sums of Hammett constants than those tested here. However, the
visible absorption of these compounds is often poor, since they do not
include the strongly resonant amino substituents which have negative
Hammett constants.
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It may be more profitable to synthesize triarlyme thane derivatives
with para-amino substituents to give good visible absorption and
meta-
substituents with large positive Hammett constants.
Highly polar solvents should be used to obtain maximum sensitivity,
although in practice, a non-polar or an aprotic solvent (e.g. dimethyl
sulfoxide) is needed to dissolve the leucocyanide. A mixture of two
solvents is therefore a practical necessity.
Finally, additional work is needed to determine why Crystal
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Table Al . Sources of dyes used to synthesize leucocyanides.
Malachite Green E. I. du Pont, Wilmington, DE
Brilliant Blue Verona Dyestuff Division, Mobay Chemical
Corp. , Union, NJ
Fuchsine Pylam Products Co. , Queens Village, NY
New Fuchsine Pylam Products Co.
Crystal Violet E. I. du Pont
Table A2. Substituent constants (
<j~
































P & B, purity unspecified
U. S. Industrial Chemical Co.,
technical grade, 190 proof,
denatured with pure methanol.






Fisher, C-298, lot 720508,
Certified ACS.
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Table A6. Regressions and correlations of absorbance at X max
and log fade time with O".






Ethylene Glycol 1.847 0.770 .919 -3.164 -2.497 .953
Ethanol 1.185 0.503 .913 -5.969 -3.749 .943




0.475 0.213 .862 -6.141 -3.350 .775
Regression equation: y =Bq
+ B,x
* Correlations not run due to all zero values,
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Table A7. Regressions and correlations of absorbance at A max and
log fade time with solvent constants, S.









Malachite Green 0.379 2.365 .974 .143 10.012 .896
Fuchsine 0.140 0.885 .961 1.818 6.129 .707
New Fuchsine 0.139 0.859 .933 1.808 7.523 .911
Crystal Violet 0.213 -1.046 .642 1.402 15.030 .917
Brilliant Blue 0.129 0.813 .949 1.320 13.425 .918
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